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understanding the relationship between frictional and local interacting forces in bump foil strips. 

In this model, the friction forces between top foil and bumps, the friction forces between housing 
and bumps, and the local interactive forces between bumps are taken into consideration. These 
researchers predicted that the bumps near the fixed end would have higher static stiffness than 
bumps near the free end, and that the load distribution profile would have a great effect ™ bump 
local static stiffiiess. More recently, Ku and Heshmat [4,5] extended their model to predict foe 
dynamic structural stiffiiess and equivalent viscous damping coefficients of the resilient support, 
foe bump foil strip, in a journal bearing or damper. The stiffiiess is calculated based on foe 
perturbation of foe journal center with respect to its static equilibrium position. The equivalent 
viscous damping coefficient is determined based cm foe area of a closed hysteresis loop of the 
journal center motion. With the introduction of this enhanced model, the analytical tools are now 
available for the design of compliant foil bearings. 

In a follow-up experimental investigation [6,7], the twofomensional deflections of bump foilstnP* 
were studied via an optical tracking system to verify the feasibility of the theoretical 
static and dynamic structural stiffiiess of bump foil strips were measured and comp to 
theoretical predictions. The comparisons show very good agreement. The friction coefficients 
between the contact surfaces for different surface coatings were also determined empirically by 
matching the values of dynamic structural stiffiiess. It was reported that the dynamic structural 
stiffiiess is static load and/or dynamic amplitude dependent. 

In this paper, the experimental study has been extended to quantify the equivalent vls ^J?™ pin ® 
coefficients of bump foil strips. The results are compared to analytical predictions. Tw effects ot 
static load, dynamic displacement amplitude, bump configurations, pivot locations and surace 
coatings are also investigated. 

EXPERIMENTAL SETUP 

The test apparatus and bump foil assembly are shown in Figures 2 and 3. Each pad is 41.1 mm by 
24 6 mm and made of steel. The lower pad acts as a housing and the upper pad is supported by a 
bump foil strip. The bump foil strip is welded at one end of the lower pad; a smooth top foil is 
welded on the lower surface of the upper pad. As the lower pad moves or vibrates m foe vertical 
direction, foe bumps are deformed in both vertical and horizontal directions. The vertical 
deflections of the bumps determine load capacity, or stiffiiess, and the horizontal motions of the 

bumps yield damping. 

A horizontal hard dowel, which acts as a pivot, is placed between a circular plate and the upper 
pad. The pivot can be located in any one of five grooves that are spaced 3.96 mm apart on the top 
surface of the upper pad. A vertical dowel, inserted tightly into foe circular plate and loosely into 
the upper pad, prevents the horizontal motion of Ac upper pad. When the pivot location is 
changed, foe upper and lower pads move as a unit. 

The lower pad is mounted on the lower adaptor by two roll pins. The circular plate with acaitral 
groove is fixed on the upper adaptor. The upper and lower adaptors are mounted on an MTS 
hydraulic force control system. An extendsometer, which has a sensitivity of 25 pm/V, controls 
the relative distance between the adaptors. A force transducer (44.5 N/V) measures the load 
capacity of the bump foil strip. The optical tracking system used for the static deformation study 
[6] was removed. An Ono-Sokki two-channel analyzer and a plotter record the test data. 
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The bump foil strips and smooth top foils were made of Inconel X750; all the other parts were 
made of steel. Each bump foil strips is 24.1 nun wide and has six bumps. The surfaces of some of 
the foils were coated with either Teflon or copper. For the bump foil strip with one of these 
coatings, another smooth foil with the same coating was welded between the bump foil strip and 
the upper surfece of the lower pad (see Figure 2, Surface 4). In this way, all contact surfaces had 
the same coating. For each coating, both dry contact surfaces and surfeces lubricated with light 
turbine oil were tested. Table 1 shows the configurations and coatings of the tested bump foils. 

T he deta iled experimental procedures used to conduct the static load test were described in 
R eferen ce 6. After a static load was applied, a dynamic force or displacement was imposed. In the 
airrent experiments, a dynamic displacement of the vertical deformation of the bump foil strip at 
the pivot location was controlled by foe extendsometer, and foe corresponding dynamic force was 
recorded. Dynamic load-deflection curves (hysteresis loops) were plotted with respect to foe static 
equilibrium positions. For each bump foil strip specimen listed in Tabic 1, three most centrally 
located pivot positions were evaluated (see Figure 2). At each pivot location, two gforic loads (90 
and 135 N) and two dynamic displacement amplitudes (~ 2.5 and 5.0 pm) at 1 Hz frequency were 
tested, respectively. The test parameters are shown in Table 2. 

RESULTS AND DISCUSSIONS 

The measured equivalent viscous damping coefficient was calculated based on the area of a 

hysteresis loop. A, of foe pivot location and the following equation: 

B = A/(7tf28 J ) (1) 

The analytical result was calculated by foe same equation but the hysteresis loop of the pivot 
location was determined by using foe earlier developed theoretical model [3-5], The experimental 
rreufts are displayed in Figures 4 through 6. The resulting data points are represented by numbers 
which are identical to the test number shown in the first column of Table 1 . The dimensionless 
variables shown in foe figures are defined as follows: 


Dimensionless displacement amplitude, 5* = 5 


Dimensionless structural damp ing B* = OR- 
where Eb, v b> ^Br ^T> an d m are known parameters (see Table 2 and Nomenclature). 


/iSr.'vS 

2W t (1-v|)V/ 

(2) 

20-v 2 b) ( <, )3 

mu B^B *Br 

(3) 


Although it is very difficult to measure the friction coefficients accurately for different surface 
owtings, these coefficients are required as input parameters in foe theoretical model. Therefore, 
the sum of the friction coefficients between Surfaces 1 and 2 and Surfaces 3 and 4 (Figure 2) was 
treated as unknown parameters, and foe coefficients were determined empirically by matching the 
dynamic structural stiffiiess [7]. It was found that the Ni-Tef (or Tef-Ni) surface coating has a 

^ L fh ^ coefficient near °- 4 ; N i-Ni surface coating has a total friction coefficient near 0.5; 
and the Ni-Cu (or Cu-Ni) surface coating has a total friction coefficient near 0.6. The results of 
structural damping for different total friction coefficients were plotted by the solid lines in Figures 

A fhrrumk £ ® 
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Figure 4 displays the effect of surface coatings and lubricant on structural damping at different 
l oad s and dynamic displacement amplitudes. For each of the seven cases (1-7), the bump 
had a 4.6-mm pitch and a 76-jxm thickness, and the pivot was in the center position. In general, the 
coating with a higher friction coefficient provides higher structural damping, however, there are 
exceptions when dynamic displacement amplitude is small. In comparing the experimental data 
with the theoretical results, the theoretical predictions always overestimate the structural damping, 
especially at the small dynamic displacement amplitudes. In detailed examination of both 
measured and calculated hysteresis loops, die measured loop does not follow the predicted one with 
a stick-slip condition [7], Therefore, the area of the measured hysteresis loop is smaller than the 
predicted one. 

Figure 5 displays the effect of three bump configurations on structural damping. For each 
configuration, the pivot was located in the center for a Ni-Ni surface coating with (cases 2 and 9) 
and without (cases 1, 8, and 10) lubricant. The theoretical results were calculated with total 
friction coefficients 0.6. At both static loads and dynamic displacement amplitudes, increasing the 
bump thickness and/or pitch would increase a small amount of structural damping. Again, the 
theoretical predictions overestimate the structural damping for all three bump configurations. 

The effect of pivot location on structural damping is shown in Figure 6. For each pivot location, 
center or left, the bump had a 4.6-mm pitch, a 76-pm thickness, and a Ni-Ni surface coating with 
(cases C9 and L9) and without (cases C8 and L8) lubricant. The experimental data show that both 
pivot locations provide roughly the same amount of structural damping, which does not follow the 
trend of theo retical predictions. However, it is interesting to note that the theoretical results do 
have much better predictions for the left pivot location. 

The effect of lubricant on structural damping is also shown in Figures 4 through 6. The addition 
of oil to the surfaces coated with nickel (cases 2 and 9) and copper (case 4) increases the damping, 
but not much, for most of the test conditions. 

CONCLUSIONS 

An experimental study was performed to quantify the structural damping of bump foil strips used 
in foil bearings. The results were compared to the analytical predictions by using the previously 
developed theoretical model. The effects of bump configurations, pivot locations, surface coatings, 
lubricant, static load, and dynamic displacement amplitude on the bump foil strip structural 
da m p ing were also evaluated. 

It was shown that the analytical predictions overestimate the structural damping for most of the test 
cases, especially at the small dynamic displacement amplitude. As the static load increases or 
dynamic displacement amplitude decreases, the structural damping does not change too much for 
all the test conditions. The bearing designer may use the coating with a higher friction coefficient, 
add the lubricant to the surfaces, and increase the bump thickness and/or pitch to achieve higher 
structural damping. 

An understanding of the dynamic characteristics of bump foil strips resulting from this work offers 
designers a means for enhancing the design of high-performance compliant foil bearings. Recently, 
a rotor with 35 mm (1.375 in.) diameter and 15.2 N (3.4 lb) weight has been operated with two air 
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foil bearings to 132,000 rpm successfully. These bearings have demonstrated a load capacity to 

0. 67. MPa (97 psi) [8], 
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NOMENCLATURE 

A Hysteresis loop area of the pivot location 

B Bump foil strip structural dampin g 
B Dimensionless bump foil strip structural damp ing 
Eg Bump elastic modulus 

W Bearing static load 

AW Bearing dynamic load 

W T Unit load along transverse direction = 175 N/m (1 lb/in.) 

4 Reference bump half length = 1 .27 mm (0.050 in.) 
m Number of bumps in a bump foil strip 

s Bump pitch 

% Bump thickness 

tfl. Reference bump thickness = 76.2 pm (0.003 in.) 

u B Bump transverse length 

Q Dynamic displacement amplitude vibration frequency 

5 Dynamic displacement amplitude of bearing pivot Incatinn 

5* Dimensionless dynamic displacement amplitude of hea ring pivot location 
t Time 

v B Poisson's ratio of bump 
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Table 1 Configurations and surface coatings of tested bumps 


1 Test 1 

Pitch 

Thickness 

w&m 

Material Combination 

Lubricant 


mm 

\im 

V'l 

Surfaces 1 A 2 

Surfaces 3 A4 


1 

4.572 

76.2 

0.4953 

Ni-Ni 

Ni-Steel 

Air 

2 


76.2 

0.4953 

Ni-Ni 

Ni-Steel 

OU 

3 

4.572 

76.2 

0.4953 

Ni-Ni 

Cu-Cu* 1 

Air 

4 

4.572 

76.2 

0.4953 

Ni-Ni 

Cu-Cu* 

OU 

5 

4.572 

76.2 

0.4953 

Cu-Cu* 

Ni-Steei 

Air 

6 

4.572 

76.2 

0.4953 


Ni-Steel 

Air 

7 

4.572 

76.2 

wmM 

Ni-Ni 

Tef-Tef# 

Air 

8 

4.572 

63.5 

0.4890 

Ni-Ni 

Ni-Steel 

Air 

9 

4.572 

63.5 

6.4890 

Ni-Ni 

Ni-Steel 

OU 

10 

mmm 

76.2 

0.4699 

Ni-Ni 

Ni-Steel 

Air 


* INC-X750 Coated with Cu 

# 1NC-X750 Coated with PTFE 


Table 2 Test parameters 


Parameter 

Symbol 


SI Unit 1 

Static Load 

W 



Perturbation Amplitude (Half) 

8 

-0.0001-0.0002 in. 

-2.5-5.0 |im 


Q 

1 Hz 

— 

Number of Bumps 

mam 

6 

— 

Bump Elastic Modulus 

E B 

3.0 x 10 7 psi 

2.07 x 10 5 MPa 

Bump Poisson's Ratio 

V B 

0.25 

— 

Bump Transverse Length 

U B 

0.95 in. 

1 2 
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Figure 1 Bump foil strip with and without applied load 
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Figure 2 Bump foil pivot locations and identification of surface contacts 
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Figure 3 Close-up of bump foil assembly on test 
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Figure 4 Effect of surface coatings on structural damping 
(s-4.6 mm, t B =76 pm, center pivot) 
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Figure 5 Effect of bump configurations on structural damping 
(Ni-Ni surface coating, center pivot) 
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Figure 6 Effect of pivot locations on structural damping 
(s=4.6 mm, t B =76 pm, Ni-Ni surface coating) 
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